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A B S T R A C T

Background: Krüppel like factor 10 (KLF10), which is also known as TGF-β Inducible Early Gene-1 (TIEG1), plays a
crucial role in regulating cell proliferation, cell apoptosis and inflammatory reaction in human carcinoma cells.
Moreover, KLF10 knockout in mice leads to severe defects associated with muscle, skeleton and heart etc.
However, the function of KLF10 in intervertebral disc degeneration (IVDD) has not been reported yet.
Methods: The relationship between KLF10 and IVDD were investigated in nucleus pulposus (NP) tissues from
human and rats. The role of KLF10 in NP cells was explored via loss or gain of function experiments. IVDD rat
models were constructed through needle puncture and the effects of KLF10 in IVDD model of rats were inves-
tigated via intradiscal injection of KLF10.
Results: We first found that KLF10 was lowly expressed in degenerative NP tissues and the level of KLF10 showed
negative correlation with the disc grades of IVDD patients. Loss or gain of function experiments demonstrated that
KLF10 could inhibit apoptosis and enhance migration and proliferation of IL-1β induced NP cells. And KLF10
overexpression reduced extracellular matrix (ECM) degeneration and enhanced ECM synthesis, whereas knock-
down of KLF10 resulted in adverse effects. These positive effects of KLF10 could be reversed by the inhibition of
TGF-β signaling pathway. In vivo, KLF10 overexpression alleviated IVDD.
Conclusions: This is the first study to reveal that KLF10 was dysregulated in IVDD and overexpressed KLF10 could
alleviate IVDD by regulating TGF-β signaling pathway both in vitro and in vivo, which were involved in prohibiting
apoptosis, promoting proliferation and migration of NP cells.
The translational potential of this article: Overexpression of KLF10 might be an effective therapeutic strategy in
the treatment of IVDD.
1. Introduction

Intervertebral disc degeneration (IVDD) is regarded as the main cause
of low back pain and other spine-related diseases [1]. This condition has
already led to a major economic and social burden worldwide, affecting
the quality of life of millions of individuals [2,3]. IVDD is characterized
by highly expressed proinflammatory cytokines, which break the
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balances between catabolism and anabolism of degenerative nucleus
pulposus (NP) tissues [4,5]. This process is involved in excessive pro-
duction of extracellular matrix (ECM) enzymes and increased apoptosis
of NP cells [6]. However, the pathogenesis of IVDD progression still re-
mains unclear. Subsequently, it is necessary for us to further explore the
molecular mechanism of IVDD and discover new therapeutic strategies
for treating IVDD.
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Krüppel like factor 10 (KLF10), which is also known as TGF-β
Inducible Early Gene-1 (TIEG1), was first discovered in human osteo-
blasts after TGF-β treatment. KLF10 contained three zinc finger domains
for binding DNA sequences to mediate gene transcription [7]. KLF10 was
found to be involved in many diseases since its discovery. Previous
studies have suggested that KLF10 plays a crucial role in regulating cell
proliferation and apoptosis in multiple tumor cells [8,9], except that
KLF10 knockout in mice leads to severe defects associated with muscle,
skeleton and heart etc [10–12]. Researchers in recent years have reported
that KLF10 exerts its function mainly through mimicking TGF-β function.
KLF10 also could enhance Smad2 phosphorylation by repressing Smad7
to further activate TGF-β/Smad signaling pathway [13–15]. Prior re-
searches have demonstrated that TGF-β could protect ECM against
degradation and promote ECM synthesis [16,17]. Moreover, treatment of
TGF-β1 in rat NP cells also promotes cell proliferation, reduces cell death
and ameliorates inflammatory response [17,18]. Therefore, whether
KLF10 could activate TGF-β pathway to prevent IVDD requires an
answer.

Hence, in this study, we first discovered that KLF10 was down-
regulated in degenerative NP tissues from human and rat models and the
expression level of KLF10 showed negative correlation with the disc
grades of IVDD patients. These data indicated that KLF10 might play a
key role in IVDD development. The loss or gain of function experiments
demonstrated that KLF10 could improve viability and function of IVDD
cells and regulated the expression anabolic/catabolic makers of IVDD.
Mechanically, KLF10 exerts its protective role in IVDD by activating TGF-
β signaling pathway. In vivo, KLF10 local injection was shown to alleviate
IVDD. These results suggest that KLF10 could be an effective therapeutic
target against IVDD.

2. Materials and methods

2.1. Human NP tissue specimens

Eighty-six degenerative NP tissues were collected from lumber disc
degeneration patients who accepted spinal surgery at the Shanghai East
Hospital, Tongji University School of Medicine, Shanghai, China from
February 2019 to June 2020. All NP samples were stored in liquid ni-
trogen to prevent RNA from degradation. The intervertebral disc samples
of the patients were divided into four categories (II, III, IV and V) ac-
cording to the Pfirrmann grades of T2-weighted MRI images [19]. The
clinical information of patients was summarized in Table 1. Informed
consent was obtained from patients before collecting the NP samples. Our
Table 1
Clinical information of human degenerative disc samples
from 86 patients.

Variables Number

Sex
Male 49
Female 37

Age
<50 22
�50 64

Diagnosis
Lumbar disc herniation 21
Lumbar spinal stenosis 65

Level
L1/2 2
L2/3 8
L3/4 18
L4/5 27
L5/S1 31

Degenerative grades
II 24
III 30
IV 19
V 13
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research was approved by the Ethics Committee of Shanghai East
Hospital.

2.2. NP cells lentivirus transfection

Human NP cells were purchased from ScienCell, Carlsbad, CA, and
cultured in human NP cell medium (ScienCell) at 37 �C in 5% CO2 as
previously described [20]. Lentivirus-mediated stably overexpressed or
knockdown of KLF10 in NP cells were constructed according to the
manufacturer's instructions (GenePharma, Shanghai, China). The target
sequences of KLF10-shRNAs were as follows: KLF10 shRNA1 GCAA-
GAAAGAACATACCATGT, KLF10 shRNA2 GGAGTGACCATTTGAC-
CAAGC. The efficiency of overexpressed and knocked down cells was
certified by qRT-PCR and immunoblotting. After transfection, NP cells
were treated with or without 10 ng/ml of interleukin-1β (IL-1β, Sigma)
and 300 nmol/L of LY364947(a TGF-β Receptor I Kinase Inhibitor,
APExBIO) in the culture medium for 12 h.

2.3. RNA extraction and quantitative reverse transcription-PCR (qRT-
PCR)

Before RNA extraction, NP tissue was placed in a mortar containing
liquid nitrogen and ground with a pestle. Total RNA of NP tissues and NP
cells were extracted by Trizol reagent (Takara Biotechnology) according
to the manufacturer's instructions. The RNA concentration was deter-
mined using spectrophotometry. cDNAs were reverse-transcribed with
TaqMan RT Reagents Kit (Applied Biosystems). Quantitative PCR was
carried out using a QuantiTect SYBR Green PCR Kit (Takara) in an
Applied Biosystems 7500 System. GAPDH gene expression was used as an
endogenous control. The 2�ΔΔCT method was used to analyze the
relative fold changes of target genes. The sequences of primers were
shown in Supplementary Table 1.

2.2. Cell immunofluorescence

The NP cells were fixed in 4% paraformaldehyde for 15 min, incu-
bated with 0.1% Triton X-100 for 25 min, and then blocked with 5% BSA
containing 0.1% Triton X-100 for 30 min at room temperature. After that,
the cells were incubated with primary antibodies against KLF10
(#130408, diluted 1:250, Santa), collagen II (#34712 diluted 1:1000,
Abcam) and MMP-3 (#53015, diluted 1:500, Abcam) for overnight at 4
�C. Subsequently, the cells were incubated in relevant secondary anti-
bodies in the dark for 1 h and counterstained in DAPI for another 5 min.
The fluorescence was obtained by using fluorescence microscope (Leica
DMI3000B, Leica Microsystems, Inc).

2.5. Western blot analysis

Protein lysate was obtained by using RIPA buffer supplemented with
protease and phosphatase inhibitors and protein concentrations were
measured by BCA Protein Assay Kit (Thermo, Waltham, MA, USA).
Western blot was performed as described previously [21]. The primary
antibodies are as follows: anti-KLF10 (#130408, diluted 1:1000) was
supplied by Santa Cruz Biotechnology (Santa Cruz, CA, USA);
anti-caspase-3 (#9664, diluted 1:1000), anti-caspase-7 (#9491, diluted
1:1000), anti-caspase-9 (#9505, diluted 1:1000), anti-TGF-β (#3709,
diluted 1:1000), anti-Phospho-Smad2/Smad3 (#8828, diluted 1:1000)
and anti-Smad2/3 (#8685, diluted 1:1000) were purchased from Cell
Signaling Technology (CST, Beverly, MA, USA). The Smad7 antibody
(#MAB2029, diluted 0.5 mg/mL) was obtained from R&D Systems
(Minneapolis, MN, USA). Anti-aggrecan (#36861, diluted 1:1000),
anti-collagen II (#34712, diluted 1:5000), anti-MMP-3 (#53015, diluted
1:1000), anti-MMP-13 (#39012, diluted 1:3000), anti-ADAMTS4
(#185722, diluted 1:1000), anti-ADAMTS5 (#41037, diluted 1:250)
and anti-GAPDH (#9485, diluted 1:2500) were purchased from Abcam
(Cambridge, MA, USA). Secondary antibodies including HRP-linked
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anti-rabbit IgG or HRP-linked anti-mouse IgG (#7074, #7076, diluted
1:1000) were purchased from CST. Protein bands were detected using an
ECL chemiluminescence kit (Thermo Scientific CA, USA) according to the
manufacturer's specifications and the results were quantified using
ImageJ software (US National Institutes of Health).
2.6. Flow cytometry analysis

NP cells at a density of 1� 105 cells per well were seeded into six-well
plates. An Annexin V/PI apoptosis detection kit (BD Biosciences, Franklin
Lakes, NJ, USA) was used to determine the apoptotic rate of cells. NP cells
were washed twice with cold PBS, suspended in 400 ul Annexin V
binding buffer (1X) and stained with 5 μl Annexin V-FITC and 10 μl PI for
15 min in the dark. The stained cells were analyzed using the FACScan
flow cytometry system (Beckman Coulter, CA, USA)
2.7. Cell migration

Cells migration assays were measured using transwell filter with 8.0
μm pores (Costar, USA). Cells at a density of 50,000 cells were seeded in
the upper chamber including 200 ul serum-free DMEM/F12 medium,
while 600 ul complete medium was added into the lower chamber. After
culturing for 2 days, the cells were fixed with 4% paraformaldehyde and
stained via 5% crystal violet solution. The migrated cells were photo-
graphed with a light microscope and analyzed using ImageJ software.
2.8. Cell counting Kit-8 (CCK8)

CCK-8 assay was performed to detect cellular proliferation. NP cells
were seeded in 96-well plates at a density of 3000 cells per well with 100
ul medium per well for 24 h. The cell nutrient medium was then
substituted by 100ul fresh cell medium including 10% CCK8 (Dojindo,
Japan) at 0, 1, 3, and 5 days. The cells were incubated for another 3 h and
then the absorbance was read at 450 nm using a microplate reader.
2.9. Construction of IVDD rat model and intradiscal injection of lentivirus

A total number of 24 adult male Sprague–Dawley (SD, SPF and
250–300g), aged 3 months, were supplied by Shanghai Slac Laboratory
Animal Co. Ltd. The SD rats were randomly divided into four groups
(Control, IVDD, IVDDþKLF10, and IVDDþNC). The IVDD rat model was
constructed as described previously [22,23]. Briefly, the rats were
anaesthetized by intraperitoneal injection of 5% chloral hydrate (6
mL/kg) and Co7/8 of rat discs were punctured using 21-gauge needle.
The punctured depth was 5 mm from the AF to the NP in the center of the
disc and the needle was rotated 180� and then held for 30s. After that, a
total of 10 μl construct of Lenti-KLF10 and Lenti-NC (approximately 5 �
108 TU/mL) were slowly injected into the punctured discs. No further
treatment was carried out in control and IVDD groups. After injection, the
rats were placed in their respective cages. Our animal protocol was
authorized by the Ethics Committee of Shanghai East Hospital.
2.10. X-ray and MRI examination

All animals in the groups underwent X-ray examination at 0, 4 and 8
weeks after IVDD puncture. As mentioned previously, the disc height
index (DHI) was used to assess the height of the disc [24]. Changes in DHI
of disc were expressed as % DHI (%DHI ¼ post-punctured
DHI/pre-punctured DHI � 100%) [25,26]. After last X-ray examination,
rats in each group underwent MRI examination on 3.0T MRI system
(Philips Eclipse, Germany). The specific parameters of MRI scanning in
T2-weighted sagittal and transverse plane were referred to the previous
study [27]. The disc degeneration grades of all rats were evaluated based
on the Pfirrmann classification [19].
21
2.11. Histological and immunohistochemical staining

All disc samples were fixed in 4% paraformaldehyde, embedded in
paraffin and cut into sections (5 μm). The degenerative disc samples of
patients underwent hematoxylin–eosin (HE) staining. All rat discs were
used for HE and safranin-O/fast green staining. The histological photo-
graph of the disc was acquired by a light microscope. Histological scores
of rat discs obtained were based on a modified histologic grading system
[28,29]. Immunohistochemical staining was performed to detect the
expression of KLF10, MMP3, collagen II and aggrecan in human degen-
erative NP tissues and the expression of KLF10, TGF-β1, caspase-3,
MMP-3 and collagen II in the discs of rats of different groups. The sli-
ces then underwent antigen retrieval, blocked and incubated with pri-
mary antibodies and relevant secondary antibodies. Finally,
immunohistochemical photographs were obtained under a light micro-
scope and analyzed by ImageJ software. Reagents used in histological
and immunohistochemical staining were supplied by the Shanghai Re-
cord Biological Technology Co. Ltd.
2.12. Statistical analysis

Statistical analyses were performed with GraphPad Prism 7 Software
(San Diego, CA, USA) and all data were represented as means� standard
deviations. The normal distribution of data was examined by Shapir-
o–Wilk test and Kolmogorov–Smirnov test. The homogeneity of vari-
ances was examined by Levene test. Student's t-test and ANOVAwas used
to assess the statistically significant differences and the Spearman's cor-
relation coefficient was used to assess the correlation between KLF10
expression and Pfirrmann grade of human degenerative intervertebral
disc (*, p<0.05; **, p<0.01; ***, p<0.001).

3. Results

3.1. Discovery of KLF10 related to IVDD from patient samples

To detect the level of KLF10 in different degenerative disc samples, a
total of 86 degenerative NP tissues were collected from IVDD patients,
and divided them into 4 groups (grades II, III, IV, and V) according to the
Pfirrmann grades of MRI images. Fig. 1A showed the representative T2-
weighted MRI images. The basic information of the patients was shown
in Table 1. Next, qRT-PCR was performed to detect the mRNA levels of
KLF10 in NP tissues. The result showed that KLF10mRNA expression was
significantly downregulated in IVDD patients with Pfirrmann grades Ⅳ
and Ⅴ when compared with Pfirrmann grades II and III patients
(P<0.001) (Fig. 1B) and KLF10 expression was negatively correlated
with the Pfirrmann grades of IVDD patients (n ¼ 86; R2 ¼ 0.6292,
P<0.001) (Fig. 1C).
3.2. KLF10 is downregulated in degenerative NP tissues of both humans
and rats

Fig. 2A showed HE staining pictures of different degenerative grades
of patient's discs. IHC staining and quantitative analysis indicated that
the expression levels of KLF10 were decreased with increasing grade of
human disc degeneration (P<0.05) (Fig. 2B and H). Obviously, KLF10
expression level detected by IHC staining was shown to be similar to that
of the important component of ECM such as collagen II and aggrecan but
was different from MMP3 expression (Fig. 2C-E). To further explore the
effects of KLF10 on IVDD, IVDD rat model was successfully established by
needle puncturing, which was confirmed by HE and Safranin O-fast green
staining (Fig. 2F). IHC quantitative analysis then revealed that the levels
of KLF10 were downregulated greatly in the degenerative discs of IVDD
rat models when compared with normal rat discs, which was consistent
with that in the patient samples (P<0.001) (Fig. 2G and I). These findings
indicated that KLF10 might have a great effect on IVDD.



Figure 1. Discovery of KLF10 related to IVDD from patient samples. (A) The representative T2-weighted MRI images of different Pfirrmann grades. (B) KLF10 mRNA
level was lower in grade Ⅳ and Ⅴ of NP tissues (n ¼ 32) than in grade II and III (n ¼ 54) (P<0.001). (C) The level of KLF10 in NP tissues from IVDD patients was
negatively correlated with the disc degeneration grade (n ¼ 86, R2 ¼ 0.6292 and P<0.001). Data is presented as the mean � SD.
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3.3. IL-1β treatment can decrease the KLF10 levels in NP cells in vitro

The aggregation of inflammatory cytokines such as IL-1β, TNF and IL-
1α are shown to be a great characteristic during IVDD [4]. To further
investigate the levels of KLF10 during IVDD in vitro, NP cells were
stimulated with IL-1β (10 ng/mL). The results revealed that the mRNA
and protein levels of KLF10 were simultaneously decreased after IL-1β
treatment for 12, 24, 48, or 72h (P<0.05) (Fig. 3A–C). Consistently,
immunofluorescence results also confirmed the declination in the levels
of KLF10 in NP cells after IL-1β treatment for 1, 3 or 5 days. Immuno-
fluorescence results further indicated that KLF10 basically localized in
the nucleus and IL-1β treatment can decrease the expression levels of
KLF10 (Fig. 3D).
3.4. The effects of KLF10 overexpression or silencing on NP cells viability
and function

To better explore the role of KLF10 in the pathogenesis of IVDD,
overexpressed and knocked down KLF10 NP cells were constructed by
lentiviral transfection. The increased or decreased expression levels of
KLF10 were confirmed by qRT-PCR and western blotting (P<0.05)
(Fig. 4A and B). Based on the knockdown efficiency, KLF10 shRNA1 was
chose for subsequent experiments. Our results revealed that KLF10
overexpression significantly reduced NP cells apoptosis induced by IL-
1β(P<0.01). However, KLF10 knockdown significantly enhanced the
apoptotic rate of NP cells after IL-1β stimulation (P<0.001) (Fig. 4C and
D). Furthermore, western blotting assay indicated that IL-1β treatment
increased the elevated caspase protein levels such as caspase 3, caspase 7
and caspase 9, which could be suppressed by KLF10 overexpression and
be raised by KLF10 knockdown in NP cells (Fig. 4E and F). With respect to
NP cells migration, the number of migrated cells can be reduced
remarkably in IL-1β treated group, which was increased after KLF10
overexpression and further decreased by KLF10 knockdown when
compared with relevant control group (P<0.05) (Fig. 4G and H). NP cell
proliferation of different groups was detected by CCK-8 assay. Our results
demonstrated that KLF10 overexpression has remarkably increased the
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proliferation rate, while its knockdown dominantly decreased the pro-
liferation rate in IL-1β induced NP cells when compared with its corre-
sponding control group at 3 and 5 days (P<0.05) (Fig. 4I and J). These
data suggest that the upregulation of KLF10 inhibited cells apoptosis and
promoted migration and proliferation of IL-1β induced NP cells.

3.5. KLF10 regulated IL-1β induced human NP cells degenerative
phenotype

To further investigation on whether KLF10 regulates the expression of
anabolic/catabolic markers of IVDD, gain-of-function and loss-of-
function experiment of KLF10 were included. QRT-PCR, immunofluo-
rescence and western blotting were performed to detect the levels of
anabolic factors (collagen II and aggrecan) and catabolic factors (MMP3,
MMP13, ADAMTS4, and ADAMTS5) in NP cells. Our experiments
showed inflammatory factors strikingly cut down the mRNA levels of
collagen II and aggrecan, but raised the mRNA levels of MMP3, MMP13,
ADAMTS4, and ADAMTS5 (P<0.01). Interestingly, overexpression of
KLF10 has increased the mRNA levels of anabolic markers and decreased
the mRNA levels of catabolic markers, while its knockdown showed
adverse effects (P<0.05) (Fig. 5A–D and Fig. S1). These results were
consistent with those of immunofluorescence and western blotting re-
sults (Fig. 5E-H).

3.6. KLF10 regulates IVDD by modulating TGF-β signaling pathway

Previous studies showed that KLF10 could exert its function by TGF-β
signaling pathway [13,14]. In order to explore the molecular mechanism
of KLF10 in IVDD, western blotting assay was performed to detect the
protein levels of TGF-β1, P-smad2/3, Smad2/3, and Smad7 in each
group. These results demonstrated that the treatment of IL-1β effectively
suppressed the protein levels of TGF-β1, P-smad2/3 but increased the
levels of Smad7 when compared to its control group, indicating the in-
hibition of TGF-β signaling pathway(P<0.001). However, in contrast to
their negative control group, KLF10 overexpression could increase the
protein level of TGF-β1, P-smad2/3 but decrease Smad7 expression,



Figure 2. KLF10 is downregulated in degenerative NP tissues of both humans and rats. (A) Representative hematoxylin–eosin (HE) staining pictures of each Pfirrmann
grade. n ¼ 5. Scale bars:50 μm. (B–E) Immunohistochemical staining of KLF10, MMP3, collagen II and aggrecan in different degenerative disc. n ¼ 5. Scale bars:50 μm.
(F) HE and safranin-O staining of normal and IVDD rat discs. n ¼ 5. Scale bars: 250 μm. (G) Immunohistochemical staining of KLF10 in normal and IVDD rat discs. n ¼
5. Scale bars:50 μm. (H) Quantitative analysis of the expression of KLF10 in human degenerative disc. (I) Quantitative analysis of the expression of KLF10 in normal
and IVDD rat discs. Data are presented as the mean � SD. *, P<0.05; **, P<0.01; ***, P<0.001.
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which indicated that TGF-β signaling pathway was re-activated, whereas
KLF10 knockdown further inactivated TGF-β signaling pathway after
IL-1β treatment (P<0.001) (Fig. 6A). Treatment NP cells with an inhib-
itor of TGF-β signaling pathway, LY364947(300 nmol/L), significantly
decreased the protein level of P-Smad3 whereas the P-Smad2 expression
was not remarkably reduced (Fig. 6B). By flow cytometry, transwell, and
CCK8 assays, we found that the inhibition of TGF-β signaling pathway
can remarkably reverse the positive effects of KLF10 overexpression in
23
IL-1β treated NP cells. Moreover, we found that IL-1β combined with
LY364947 further enhanced apoptosis, inhibited proliferation and
migration of NP cells compared with IL-1β induced alone (P<0.05)
(Fig. 6C-E). The above results implied that TGF-β signaling pathway may
play a positive effect on rescuing NP cells treated by inflammatory cy-
tokines and KLF10 exerts its protective role on IVDD via activating TGF-β
signaling pathway.



Figure 3. KLF10 level was decreased in the NP cells with IL-1β treatment. (A–C) NP cells were treated with IL-1β (10 ng/mL) for different times (12, 24, 48, or 72 h).
The mRNA and protein level of KLF10 detected by qRT-PCR and western blotting, respectively. (D) Immunofluorescence of KLF10 in NP cells induced with IL-1β (10
ng/mL) for 1, 3 or 5 days. Scale bars: 50 μm. All experiments are repeated at least three times, and GAPDH is used as an internal control. Data are presented as the
mean � SD. *, P<0.05; **, P<0.01; ***, P<0.001.
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3.7. KLF10 overexpression alleviates IVDD in a rat model

In vitro experimental results have prompted us to investigate whether
KLF10 could alleviate IVDD in vivo.

A total number of 24 adult male SD, aged 3 months, were randomly
divided into four groups (Control, IVDD, IVDDþKLF10, and IVDDþNC).
The IVDD rat model was successfully established by (Annulus Fibrosus)
AF needle puncturing. Briefly, the rats were anaesthetized by intraperi-
toneal injection of 5% chloral hydrate (6 mL/kg) and Co7/8 of rat discs
were punctured using 21-gauge needle. After that, a total of 10 μl
construct of Lenti-KLF10 and Lenti-NC (approximately 5 � 108 TU/mL)
were slowly injected into the punctured discs. X-ray was performed at 0,
4 and 8 weeks after injection and X-ray results indicated that the DHI
index has become smaller gradually in all the punctured groups. More-
over, at 4 and 8 weeks, the DHI index of IVDDþKLF10 group was higher
than that of IVDDþNC (Lenti-NC) group (P<0.05) (Fig. 7B-C). At 8 weeks
after injection, all groups of rats were sacrificed for MRI scanning and
pathological staining. Sagittal and transverse planes of T2-weighted MRI
results demonstrated that the transfection of KLF10 has led to higher
signals and lower degenerative scores than IVDDþNC group (P<0.01)
(Fig. 7D and E). In contrast to IVDDþNC group, the histological score was
remarkably lower in IVDDþKLF10 group (P<0.01) (Fig. 7F and G).
Immunohistochemical staining results revealed that the injection of
lentivirus KLF10 resulted in high levels of TGF-β1 expression, indicating
that TGF-β pathway was activated in vivo. Furthermore, the levels of
cleaved caspase 3 and MMP3 were shown to be reduced, whereas the
levels of collagen II were increased in IVDDþKLF10 group when
compared with IVDDþNC group. These implied that KLF10 alleviated
24
IVDD through anti-apoptosis mechanism, enhancing anabolism and
reducing catabolism in vivo (Fig. 7H). Taken together, these results sug-
gested that KLF10 exerts its therapeutic function on rat IVDD model via
activating TGF-β signaling pathway.

4. Discussion

KLF10/TIEG was originally discovered in the human osteoblast cells
following TGF-β treatment [7]. KLF10 protein includes three zinc finger
motifs at the C-terminal end and several proline-rich Src homology-3
(SH3) binding domains at the N-terminal end, rendering KLF10 to bind
to the GC rich Sp1-like sequences for transcriptional regulation. There-
fore, KLF10 is categorized as one of the Krüppel-like family of tran-
scription factors [30]. An accumulation study revealed that KLF10 plays a
critical role in regulating cell proliferation, cell apoptosis and inflam-
matory reaction in human carcinoma cells [31,32]. Except that, KLF10
could enhance Wnt signaling in bone through β-catenin and in devel-
oping skeleton, suggesting it as a mediator of chondrocyte hypertrophy
[12,33]. Researchers have reported that KLF10 has enhanced
TGF-β/Smad2 signaling pathway via downregulation of Smad7 expres-
sion, leading to increased collagen production, promoting cell prolifer-
ation and invasion in keloid pathogenesis [14]. As KLF10 plays multiple
functional roles in different kinds of diseases, it might also have an
important role in the development of IVDD.

In our study, by detecting the levels of KLF10 in large-scale human
degenerative disc, we discovered that KLF10 was downregulated in
degenerative NP tissues and KLF10 expression was negatively correlated
with the Pfirrmann grades of IVDD patients. Moreover, the expressed



Figure 4. The effects of KLF10 overexpression or silencing on NP cells viability and function. (A, B) QRT-PCR and western blotting was used to evaluated KLF10
expression after transfection. (C, D) The NP cells apoptosis rate of each group as treated above was detected by flow cytometry. (E, F) Western blot analyzes protein
expression of apoptotic effector caspases (caspase-3, caspase-7 and caspase-9) of each group as treated above. (G, H) The NP cells migratory ability of each group as
treated above was determined by transwell assay. Scale bar: 200 μm. (I, J) NP cells proliferation of each group as treated above was determined by CCK8 assay. All
experiments were repeated three times, and GAPDH is used as an internal control. Data are presented as the mean � SD. *, P<0.05; **, P<0.01; ***, P<0.001.
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pattern of KLF10 was also verified in the rat IVDD models. These data
implied that KLF10 probably has an important role in IVDD. Inflamma-
tory response plays a tremendous role in the process of disc degeneration
[4]. Inflammatory cytokines, for example IL-1β, secreted by IVDD cells
could cause ECM degradation and changes of IVDD cell phenotype [34].
To mimic the circumstances of IVDD in vitro, human NP cells were treated
with IL-1β in our experiment. Interestingly, the mRNA and protein levels
25
of KLF10 were significantly decreased after IL-1β treatment, meaning
that inflammatory cascade inhibits the expression of KLF10 of NP cells in
IVDD. To further explore the function of KLF10 in the process of IVDD, a
stably overexpressed or knocked down KLF10 in NP cells via lentivirus
infection was constructed. Loss or gain of function experiments have
demonstrated that KLF10 overexpression has dominantly improved the
viability and functions such as anti-apoptosis, enhanced proliferation and



Figure 5. KLF10 regulated IL-1β induced human NP cells degenerative phenotype. (A–D) The mRNA levels of MMP-3, MMP-13, aggrecan and collagen II in NP cells of
each group as treated above was detected by qRT-PCR assay. (E, F) The representative MMP3 and collagen II were detected by the immunofluorescence. Scale bars: 50
μm. (G, H) The protein levels of KLF10, MMP3, MMP13, ADAMTS4, ADAMTS5, aggrecan and collagen II were detected by western blot. All experiments were repeated
three times, and GAPDH is used as an internal control. Data are presented as the mean � SD. *, P<0.05; **, P<0.01; ***, P<0.001.
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migration of IVDD cells. During the development of IVDD, at least two
kind of ECM-degrading enzymes including the MMPs and a ADAMTS
were excessively activated [35–37], accelerating the degradation of
ECM. Our data indicated that the overexpression of KLF10 not only
decreased the level of MMPs and ADAMTS that are induced by IL-1β, but
also enhanced NP cells to produce the components of ECM such as
collagen II and aggrecan. These results have prompted us to further
26
investigate the underlying mechanism as higher levels of KLF10 have a
positive effect on IVDD. Interestingly, western blotting analysis demon-
strated that TGF-β pathway could be remarkably activated by KLF10 in
NP cells. The blockade of TGF-β pathway could reverse the protective
effects on anti-apoptosis, enhanced proliferation and migration of IVDD
cells. All these results suggest that KLF10 mediates IVDD progression by
regulating TGF-β signaling pathway. Moreover, our animal experiment



Figure 6. KLF10 regulate IVDD through modulate TGF-β signaling pathway. (A, B) The protein levels of TGF-β1, P-smad2/3, Smad2/3 and Smad7 in NP cells of each
group as treated above were determined by western blotting. (C) The NP cells apoptosis rate of each group was detected by flow cytometry. (D) The NP cells migratory
ability of each group was determined by transwell assay. Scale bar: 200 μm. (E) The NP cells proliferation of each group was determined by CCK8 assay. All ex-
periments were repeated three times, and GAPDH is used as an internal control. Data are presented as the mean � SD. *, P<0.05; **, P<0.01; ***, P<0.001.
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has demonstrated that degenerative disc with lentivirus KLF10 injection
has lower MRI degeneration score and histological score. IHC staining
analysis in rat discs also indicated that KLF10 exerted a protective role in
degenerative NP tissues by TGF-β signaling pathway.

However, recent years studies demonstrated that excessive activation
of TGF-β signaling pathway may accelerate the progression of IVDD [38,
39]. The question that TGF-β signaling pathway is beneficial or detri-
mental to IVDD function is still debatable [40]. It is necessary for us to
further explore the relationship between KLF10 and TGF-β signaling
pathway and the underlying molecular mechanism of the protective role
27
of KLF10 in IVDD. In our study, we found that LY364947 could signifi-
cantly suppress the expression of P-Smad3, which exacerbated the
dysfunction of NP cells. Thus, the question whether KLF10 enhances
TGF-β signaling pathway to exert its protective role in IVDD via Smad3
requires answer. In the future, we will use the RNA-sequence method to
analyze upregulated genes upon overexpression or inactivation of KLF10
in NP cells, which may help us to find out potential downstream targets
influencing NP function or NP cell differentiation.

This is the first study to reveal that KLF10 was dysregulated in IVDD
and overexpressed KLF10 could alleviate IVDD by regulating TGF-β



Figure 7. KLF10 overexpression alleviates IVDD in a rat model. (A) A flowchart of the experiments in rats. (B, C) X-ray examination was performed at 0, 4 and 8 weeks
after needle puncture. A significant decrease of the DHI% was observed in all puncture groups at 4 and 8 weeks after surgery. A significant increase in DHI% was
indicated at 4 and 8 weeks after surgery in rat treated by Lenti-KLF10. Light blue arrow indicated the target disc. DHI: disc height index. n ¼ 5. (D, E) T2-weighted MRI
of the indicated groups were obtained 8 weeks after needle puncture. The degree of disc degeneration by MRI grade was significantly lower in the IVDDþKLF10 group
than in the IVDDþNC group. n ¼ 5. (F, G) Hematoxylin–eosin (HE) and safranin-O/fast green staining of the intervertebral discs in the indicated groups at 8 weeks
after injection. Histological score showed a significant decrease in rats treated by KLF10. n ¼ 5. Scale bars:250 μm. (H) Immunohistochemical staining of KLF10, TGF-
β1, caspase3, MMP3 and collagen II in the disc samples of each group. n ¼ 3. Scale bars:50 μm. Data are presented as the mean � SD. *, P<0.05; **, P<0.01;
***, P<0.001.
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signaling pathway both in vitro and in vivo, which were involved in
prohibiting apoptosis, promoting proliferation and migration of NP cells.
Furthermore, KLF10 also plays a vital role in ameliorating the remodeling
of ECM in the development of IVDD through inhibition of catabolism and
enhancement of anabolism. Therefore, our research indicated that KLF10
has a great potential to become an effective therapeutic target of IVDD.
28
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